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Abstract
In this thesis, investigation of well-known carbon Swan spectra is of primary interest.
Combustion processes and/or explosion of hydrocarbon fuels cause occurrence of the
Swan band system that originates from diatomic carbon. Physical characteristics of
low-temperature stars and the interstellar medium can also reveal the Swan bands.
The diatomic carbon molecule shows that its lowest rotational levels are sensitive to
temperature variation, and higher rotational levels are sensitive to the surrounding
gas density and the radiation field. In addition, carbon is a crucial element for life and
is the 4th most abundant element; therefore, it is important to ascertain accurately
the origin and processes in which it forms. Laser-induced breakdown spectroscopy
experiments are conducted to record highly-excited Swan spectra in emission. Laser
ablation of graphene is investigated with 190 milliJoule, 13 nanosecond Nd:YAG
pulses at a wavelength of 1.064 micrometer. Accurate line-strengths are utilized
in computation and modeling of the recorded Swan spectra. The results indicate
temperatures in the range of 4500 to 6500 K for time delays from optical breakdown
in the range of 100 to 10 microseconds.
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Chapter 1
Introduction
1.1 Background
The presence of Swan bands has been well-known and reported to occur in Bunsen
burner flames. The origin of these bands were conclusively investigated [Pretty (1927)]
as emphasized and summarized in the 1927 work’s abstract “The Swan spectrum has
been obtained in carbon monoxide and in the carbon spark in the absence of hydrogen.
The discussion of the results of experiment and theory leads to the conclusion that
the emitter of the Swan band system is the molecule of carbon C2.” The Swan band
system has previously been attributed to be a characteristic of hydrocarbons [Johnson
(1927)]. In the work reported here, a micro-plasma is generated by focusing high-
peak power laser radiation, and subsequently, spectral fingerprints from the carbon
C2 molecule are recorded for various time delays from the generation of the laser
spark [Parigger et al. (2014a)].
Laser-induced Breakdown Spectroscopy (LIBS) is a technique that can be used
to study all the known elements and molecules [Unnikrishnan et al. (2010), Motto-
Ros et al. (2012)]. The LIBS approach shows advantages in that it requires minimal
to no sample preparation and only moderately costly equipment, and can be made
portable [Harmon et al. (2005)]. The optical technique associated with LIBS can
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be labeled as non-invasive, or better largely non-invasive, and allows one to study
materials at a distance. Furthermore, when applying LIBS in conjunction with laser
ablation [Amoruso et al. (1999)], only a small amount in the pico- to nano- gram range
is required, leaving the majority of the material intact [Mohamed (2008)]. These
advantages allow one to perform research in an environment where distance, health
and safety, or preservation of material is a concern, as seen for instance with the
Curiosity Rover on Mars [NASA (2014)], in the study of radioactive substances like
uranium [Chinni et al. (2009)], in investigations of hazardous chemical and biological
agents [Gottfried et al. (2008)], in research of volatile explosives [De Lucia et al.
(2003)], or in investigations into paintings or other art objects [Osticioli et al. (2009)].
In addition, if needed, LIBS can be used to analyze the sample throughout its depth,
as laser radiation can be utilized to generate plasma while drilling into the sample
[Cabal´ın et al. (2011)].
Laser-induced breakdown spectroscopy usually requires tightly focusing laser
radiation to induce optical breakdown, thereby creating a micro-plasma. The micro-
plasma starts to undergo rapid cooling, emitting at first a continuum due to the
free electron radiation. Shortly afterwards, on a time-scale of microseconds, the
plasma has cooled sufficiently showing diminished continuum radiation and the onset
of molecular processes as evidenced in the occurrence of molecular emission spectra
[Amoruso (1999), Schnurer et al. (1997)]. Noteworthy [Abhilasha and Thareja (1993)],
at lower laser energies on the order of 60 mJ, investigated in vacuum and in helium
gas, molecular emissions of C2 dominate rather than the atomic emissions.
The atomic and molecular emission spectra allow one to gain insight into the
plasma phenomena. Plasmas in general can be characterized by two primary
parameters, density and temperature, with each parameter being dependent on two
or more individual components [Noll (2012)]. In this study, the focus is on electron
density and temperature.
Research associated with LIBS historically focuses on atomic spectroscopy, yet
efforts include studies of molecular spectroscopy [Hornkohl and Parigger (2002),
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Parigger (2006)]. Recent works, as documented with video [Parigger et al. (2014a)],
and articles [Hornkohl et al. (2014), Parigger et al. (2014b), Parigger et al. (2014c),
Parigger et al. (2014d), Swafford et al. (2014), Witte and Parigger (2014)] have
explored the hydrogen alpha line and Balmer series, titanium lines, and diatomic
spectra of AlO, CN, TiO, NO, and C2. Focus has been on temperature measurements
of diatomic emission spectra. The specific area of interest in this thesis is the C2
molecule [Hornkohl et al. (2011), Witte and Parigger (2013), Witte et al. (2014), Witte
and Parigger (2014)], including exploration of its temperature changes as function of
time delay from the generation of the laser spark and investigations into whether local
thermodynamic equilibrium (LTE) is applicable.
1.2 Carbon Swan spectra
The reasons are multi-faceted for the interests in diatomic carbon emission spec-
troscopy: (i) biological matter, as per definition all organic substances have carbon
[Seager and Slabaugh (2004)], (ii) low-temperature stars [Bakker (1997)], (iii) a
number of explosive compounds [Porterfield (1993)], and (iv) coal power plants [Dong
et al. (2011)], to name a few focus areas. Thus, for applications of LIBS in the study of
organic matter and related material, experiments that address carbon are desirable.
The carbon Swan spectrum was first studied by William Swan in his article titled
“On the Prismatic Spectra of the Flames of Compounds of Carbon and Hydrogen”
[Swan (1857)] and was named after him.
In order to be effective, a reasonable set of accurate calibration spectra need to be
available. Spectral predictions for diatomic molecules require at least a temperature
to determine Boltzmann factors and line-strengths that represent the allowed spectral
transitions for a particular diatomic molecule [Hornkohl et al. (2011)]. Atomic and
molecular spectroscopy techniques [Parigger and Hornkohl (2010), Parigger and Oks
(2010)] allow one to record and subsequently analyze spectra, including studies
of atomic and molecular superposition spectra [Parigger et al. (2012)]. However,
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accurate spectral prediction usually requires knowledge of spectral resolution, electron
density, reaction rates, collision rates, pressure, and other variables. Accurately
known, these parameters can be used to determine the best fitting model for each
spectral measurement.
In this context, investigations regarding local thermodynamic equilibrium (LTE)
are of interest to characterize the laser ablation process. LTE is important in the
study of molecular spectra because it allows for the assumption that the vibrational
temperature is equal to the rotational temperature, and that both are equal to the
overall temperature, T=Trot=Tvib. Without this, other, more complex methods of
experiments and analysis would have to be considered. Consistent with fitting the
entire Hα, i.e., hydrogen alpha, and Hβ, i.e., hydrogen beta, line profiles [Parigger
(2013)] with the aid of a recently published review [Konjevic´ et al. (2012)] on Stark-
broadened hydrogen Balmer series allows one to determine the electron density by
using empirical tables and/or formulae. It also provides a relatively easy method
for analysis as emission spectra can vary significantly with time delay from laser
plasma generation and/or vary with laser irradiance [Harilal et al. (1997)]. While
several other aspects of laser ablation [Amoruso et al. (1999)] are of interest in terms
of modeling physical processes, this thesis focuses on application of readily available
spectrum modeling software [Hornkohl and Parigger (2002)] in the analysis of recorded
emission spectra. Thus, in this study, electron density becomes our main indicator to
determine if LTE is applicable, viz. the so-called McWhirter criterion [Christoforetti
et al. (2010), Parigger et al. (2010)]. However, it is of limited use, as the time window
of applicability appears limited. Typical time delays are within 1 to 10 µs for a laser
energy per pulse that ranges from 10 to 190 mJ. In contrast, of interest in this study
are time delays from 100’s of nanoseconds to 100 µs, in other words, time delays that
fall well outside of the 1 to 10 µs temporal window.
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Chapter 2
Experiment details
2.1 Experiment arrangements
Experiments for measurement of carbon Swan spectra were conducted with two
separate arrangements that are in principle similar. The first arrangement consisted
of a Nd:YAG laser operating at 355 nm (frequency tripled) with 8 ns pulses,
and experiments were performed in collaboration with Jonathan Merten’s group at
Arkansas State University [Witte and Parigger (2013), Witte et al. (2014)]. Laser
radiation was focused onto the sample to induce optical breakdown. Plasma emissions
that were perpendicular to the laser beam path were collected and dispersed through
a 0.5 meter Andor spectrometer/detector with a 1200 grooves/mm grating.
The second arrangement also utilized pulsed Nd:YAG laser radiation, though
operating at the fundamental frequency of 1064 nm with 13 ns pulses, and at a
repetition rate of 10 Hz. A HR640 Jobin-Yvon 0.6 m spectrometer was used to
disperse the time-resolved spectra. Three different gratings were available: 1200,
2400, and 3600 grooves/mm. Spectra were collected with an EG&G intensified linear
diode array and an optical multichannel analyzer (OMA) that was synchronized to
the Quanta Ray laser device via a custom built sync box working at 50 Hz to control
the OMA. This sync box included a divide-by-5 circuit to control the laser.
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Subsequently, the second arrangement was slightly modified by the replacement
of the linear diode array with a 2D Andor Intensified Charge-Coupled-Device (ICCD)
camera. This camera allows one to record data with spatial resolution along the slit
height of the spectrometer rather than integrating along this dimension, as was done
with the intensified linear diode array and OMA.
2.2 Experiment procedures
For the first set of measurements, atomic and molecular spectroscopy techniques
[Parigger and Oks (2010), Parigger and Hornkohl (2010), Parigger (2013)] are applied
following laser ablation of 3-nitrobenzoic acid, an explosive simulant. The laser
radiation was varied from 5 to 90 mJ/pulse, and measurements were performed for
time delays of 0.2 and 1.6 µs with gate widths 0.05 and 0.2 µs, respectively. The
second and third set of measurements involved the use of graphene in laboratory air,
with laser energies being on the order of 75 mJ/pulse, and for time delays from 10 to
100 µs and gate widths starting at 5 µs, and increased as needed. For all recorded
data, comparisons are made between measured and computed molecular spectra to
infer the temperature from C2 spectra for laser ablation events.
Atomic emission lines are expected from the micro-plasma generated with
increased laser irradiation and/or shorter delay times. For example, for a time delay
of 0.2 µs, the hydrogen beta line of the Balmer series is clearly recognizable in the
measured spectra. This is further discussed in the experimental results chapter, e.g.,
see Figure 3.1. Measurement of the Stark broadening allows one to determine the
electron density and make inferences about the plasma state, particularly in view of
investigations of the LTE assumption. The focus of the work discussed in this thesis
is on the carbon Swan d3Πg−a3Πu emissions from graphene laser ablation in air, and
specifically for the ∆ν = 0 and -1 vibrational transitions accompanied by a volley of
rotational transitions details. Measurements utilized gate widths of 5 to 20 µs, and
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time delays ranging from 10 to 100 µs, with gate widths increased as needed to obtain
acceptable signal-to-noise ratios.
Figure 2.1 shows a photograph of one of the experimental arrangements used at
the Center for Laser Applications (CLA). The carbon sample is placed on an angled
surface and moved around to allow the best collection of data. The 1024-nm laser
radiation is focused onto the sample, ablating it, and the plasma emission is imaged
onto the spectrometer entrance slit.
Experiments of laser ablation of nitro compound simulants [Witte et al. (2014)]
included the use of frequency tripled laser radiation in the range of 5 to 90 mJ/pulse
to generate laser-induced breakdown. Figure 2.2 illustrates the experimental
arrangement used at Arkansas State University. The pulse width of the laser radiation
amounted to 8 ns, and measurements utilized gate widths of 0.05 µs and 0.2 µs for
delay times of 0.2 µs and 1.6 µs, respectively. The time-resolved spectra were recorded
with a 0.5 m Andor iStar ICCD camera and a 1200 grooves/mm grating. Spectra
were intensity corrected using an Ocean Optics DH-2000 standard lamp. Noteworthy
is that the sample was mounted on an XYZ motion controller, and the lens to sample
distance is adjusted with the runout gauge, set to 18 cm. The 355-nm laser radiation
is focused onto the sample, and the plasma emission is imaged onto the spectrometer
entrance slit on the right. This photograph also shows a CO2 laser line that was used
for other experimental studies.
For the experiments at CLA, the sync box was operated at a rate of 50 Hertz while
the laser operated at a rate of 10 Hz. This resulted in 4 extra readout events of the
linear diode array, however, these readouts were not accumulated. The extra readout
events allowed one to multiply reset the data collection system before the next laser-
plasma event. Spectral sensitivity calibration was performed using a tungsten lamp,
that was operated at a temperature of 2910 K. Wavelength calibration was initially
accomplished with a mercury lamp.
The experimental procedures included recording of time-resolved spectra for
various time delays, followed by intensity and wavelength calibrations. The intensity
7
Figure 2.1: Photographs of the experimental arrangement at CLA. The top image
shows the Nd:YAG laser (bottom left). The bottom image shows the spectrometer
(middle left). The laser beam was directed to be parallel to the spectrometer slit to
generate the laser ablation plasma.
calibration uses (i) a standard black-body curve that is calculated for the spectral
wavelength band, and (ii) the recorded intensity profile emitted by a tungsten lamp
for that same wavelength band. The calibration is accomplished using a least-
squares algorithm. This computes the ratios of differences between the theory and
experimental curves. These ratios are subsequently used to sensitivity-correct the
experimental spectrum.
In taking measurements, the carbon sample is placed on an angled surface, facing
the entrance slit to the spectrometer. Then 1064-nm laser radiation is focused onto
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Figure 2.2: Photograph of experimental arrangement for measurement of nitro
compound simulants at Arkansas State University.
the sample, generating a micro-plasma while ablating material. The emissions from
this plasma are then imaged with a lens onto the spectrometer entrance slit. The
spectrometer then disperses the radiation from the plasma to be recorded by the
linear diode array.
2.3 Computed spectra
For the analysis of recorded spectra, line-strength data are utilized to fit computed
spectra using a Nelder-Mead algorithm. This is accomplished using the so-
called Nelder-Mead-Temperature (NMT) program, which incorporates the so-called
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Boltzmann Equilibrium Spectrum Program (BESP) [Hornkohl and Parigger (2002)].
This program is used in producing theory spectra for the selected diatomic molecular
transitions and wavelength regions. It uses accurate line-strengths, along with
temperature and full-width half-maximum (FWHM) values as inputs.
Figures 2.3 to 2.8 illustrate synthetic spectra, all normalized to 1. Figure 2.3 shows
an overview of the whole spectrum this study explores and the three transitions: ∆ν
= +1, 0 and -1. Figure 2.4 provides a more overall detailed look into the ∆ν = 0 and
-1 transitions. These spectra illustrate anticipated experimental data.
Figure 2.3: Computed spectra, with a temperature of 7000 K for the transitions ∆ν
= +1, 0 and -1. This illustrates an overview of the C2 spectral region investigated in
this study.
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Figure 2.4: Computed spectra, with a temperature of 6000 K for the transitions ∆ν
= 0 and -1. Visible and defined are the multiple vibrational peaks, with the rotational
structure seen in-between.
In a more detailed look, figures 2.5 to 2.7 show spectra for the C2 0-0 vibrational
transition with a spectral resolution FWHM of 0.1 nm and for temperatures 4000,
5000, and 6000 K, respectively. And figure 2.8 shows the detail spectra of C2 0-
1 vibrational transition for a temperature of 4000 K with a FWHM of 0.1 nm.
Of note is how the intensities and their ratios change with increasing temperature,
yet the overall structural appearance of well-developed vibrational peaks and clearly
discernable regions of predominantly rotational transitions does not change.
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Figure 2.5: Computed spectra showing the ∆ν = 0 transitions from 500 to 518 nm
with a spectral resolution FWHM of 0.1 nm and temperature of 4000 K.
2.4 Spectra analysis
Once computed, the collected spectra are fit with the predicted C2 spectra using a
Nelder-Mead algorithm, thus allowing one to perform multi-variable fitting. The
intensity calibrated file is run through the NMT program, initially with a fixed
spectral resolution FWHM chosen to be 0.08 nm. A fit file is generated, together
with a linear-fit wavelength calibration of the intensity calibrated file. This generates
a new spectrum file, employing a repeat of the process, though with a quadratic fit this
time. After that, the FWHM is set to variable and after generating the fit file, a first
cubic fit is done. One more run through with cubic fitting, and then the wavelength
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Figure 2.6: Computed spectra showing the ∆ν = 0 transitions from 500 to 518 nm
with a FWHM of 0.1 nm and temperature of 5000 K.
calibration is accomplished. The NMT program is then utilized three more times to
ensure both temperature prediction stability and that the best fit between theory and
experimental spectra are achieved. These procedures apply to all wavelength bands
that were studied.
If the experimental data has a prominent Hβ line, a slightly separate path is taken.
The NMT algorithm is first applied with the Hβ area excluded. Once the variables
are fixed and the cubic fitting and wavelength calibration are done, the Hβ area is
included and the algorithm is run once more with the same constants. This best
fitting temperature value then becomes our inferred temperature for the molecular
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Figure 2.7: Computed spectra showing the ∆ν = 0 transitions from 500 to 518 nm
with a FWHM of 0.1 nm and temperature of 6000 K.
transitions. In the analysis, one can also select smaller regions of measured molecular
spectra, for example, regions that show (i) primarily vibrational contributions; (ii)
rotational contributions; and/or (iii) contributions from atomic lines such as the Hβ
line of the hydrogen Balmer series.
The analysis focuses on recorded spectra following laser-induced breakdown (LIB)
with 5 mJ to 90 mJ energies/pulse of frequency-tripled Nd:YAG laser radiation (355
nm). Noteworthy is, when using higher energy/pulse, the occurrence of the hydrogen
Hβ line superimposed on molecular Swan spectra of C2 at delays of 1.6 µs from LIB.
Measurements with lower energy/pulse on the order of 10 mJ/pulse show clean carbon
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Figure 2.8: Computed spectra showing the ∆ν = -1 transitions from 548 to 564 nm
with a FWHM of 0.1 nm and temperature of 4000 K.
Swan spectra, free from hydrogen atomic line interferences, for time delays of 0.2 and
1.6 µs.
The temperature for longer time delays from optical breakdown follows a simple
logarithmic curve [Witte and Parigger (2013), Witte et al. (2014)]. Figure 2.9
illustrates this result. However, for the 0.2 µs time delay, the first three pulse levels
(5 to 25 mJ) demonstrated similar structure, but spectra collected with higher pulse
levels deviated substantially and tended towards continuum radiation. This is noted
in the literature [Harilal et al. (1997)], i.e., emission spectra vary drastically with time
delay and with the level of laser irradiance.
15
Figure 2.9: Temperature for a time delay of 1.6 µs versus laser pulse energy with
5% error bars.
Differences occur in comparisons of predicted and of recorded spectra for
smaller delay times (0.2 µs) from LIB, possibly indicating presence of thermal non-
equilibrium, and to a lesser degree self-absorption [Rohlfing (1988)]. For further
modeling, it would be desirable to take into account black-body radiation. For larger
time delays (1.6 µs), it is found that the recorded spectra can be modeled using a
single temperature.
16
Chapter 3
Results
3.1 Carbon Swan spectra from nitro compound
explosive simulants
The results discussed here pertain to experiments conducted in by Jonathan Merten
in collaboration with Arkansas State University [Witte et al. (2014)]. Figures 3.1
to 3.4 display respectively recorded and fitted C2 spectra when using 90 mJ/pulse,
75 mJ/pulse, and 10 mJ/pulse laser radiation (frequency tripled, 355 nm). Here
a constant background and constant spectral resolution FWHM was used in fitting
between 480 nm and 518 nm. Fig. 3.1 also indicates presence of hydrogen (near 486
nm). The residual shows a carbon line in 2nd order (near 496 nm) and one in 1st
order (near 505 nm).
The electron density is inferred using recently published formulae for Hα, Hβ and
Hγ Balmer series lines [Konjevic´ et al. (2012)]. For Hβ,
Ne(m
−3) = 1022 × (wStark(nm)/0.94666)1.49 , (3.1)
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which yields for a Stark-broadening, wStark, of 4.5 nm for the electron density the value
of Ne = 1.0× 1023 m−3. For such electron density, local thermodynamic equilibrium
(LTE) is expected to be established [Christoforetti et al. (2010), Parigger et al. (2010)].
The experimental procedures included the capture of time-resolved spectra for
various time delays, followed by intensity and wavelength calibrations. The intensity
calibration was accomplished by use of (i) a standard black-body curve calculated
for the spectral wavelength band and (ii) a recorded intensity profile emitted from a
tungsten lamp. The calibrations are accomplished using a least-squares algorithm.
3.2 Carbon Swan spectra from laser ablation of
graphene
The results presented in this section are based on experiments of laser ablation of
graphene. The emission spectra were recorded at the Center for Laser Application
(CLA) using an intensified linear diode array and optical multichannel analyzer, and
subsequently, an intensified charge coupled device (ICCD) camera. Figure 3.5 is
a representative display of recorded and fitted C2 spectra for the 550 to 564 nm
wavelength band. As discussed in the literature [Hornkohl et al. (2011), Abhilasha
and Thareja (1993)], carbon shows four band transitions between 550 and 564 nm:
(0-1), (1-2), (2-3), and (3-4) bands. Figure 3.5 displays the four expected C2 peaks of
the C2 ∆ν = 1 Swan band sequences, i.e., two prominent ( 558.5 nm, 563.5 nm) and
two not so prominent ( 550.1 nm, 554.0 nm) peaks are visible. The experimental data
shows nice agreement with the fitted spectra as they nearly overlap. The difference
graphs show an average near zero, with standard deviations below the background
averages. The spikes coincide around the C2 peaks.
Figure 3.6 shows C2 data for the 504 to 517 nm bands. The double Swan peaks
are shown nicely, and the computed spectra line up with the experimental data. The
figure also shows a near-straight background contribution that is determined with the
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Figure 3.1: C2 spectra, produced with a laser pulse energy of 90 mJ. Gate delay
was 1.6 µs and gate width was 0.2 µs. Visible are the two main vibrational peaks
on the right at 516 and 512 nm as well as a less visible third vibrational peak at 509
nm. Also appearing are carbon atomic lines at 505 and 493 nm as well as Hβ at the
wavelength of 486.14 nm.
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Figure 3.2: C2 spectra, produced with a laser pulse energy of 75 mJ. Gate delay
was 1.6 µs and gate width was 0.2 µs. Labeled are the three vibrational peaks at
516, 512, and 509 nm as well as two carbon atomic lines (505 and 493 nm) and Hβ
at 486.14 nm.
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Figure 3.3: C2 spectra, produced with a laser pulse energy of 10 mJ. Gate delay was
1.6 µs and gate width was 0.2 µs. Labeled are the three vibrational peaks: 516, 512,
and 509 nm. In addition, the Hβ area is blown up to better show the slight peak at
485.95 nm. Not seen are the two atomic carbon lines from the previous two figures.
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Figure 3.4: C2 spectra, produced with a laser pulse energy of 5 mJ. Gate delay was
1.6 µs and gate width was 0.2 µs. Labeled are two vibrational peaks at 516 and 512.
Also, two unknown spikes, at 494 and 489 nm, are suspected to be carbon atomic
lines though could be artifacts from the camera.
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fitting procedure. The difference of experiment and computed spectra is illustrated
as well. Figure 3.7 shows C2 data for the 459-474 nm bands. The difference of
experiment and computed spectra is illustrated as well.
Figure 3.8 displays the temperatures for the 550 to 564 nm wavelength range.
For the early time delay, the temperature amounts to 4400 K and shows a slow
downward trend with increasing time delays. Fig. 3.8 also displays results for the 504
to 517 nm band, the temperature amounts to 6000 K and shows a moderate decrease,
though with a dip near 60 µs time delay. Fig. 3.9 also compares temperatures from
different vibrational bands, though its data shows results from 10 to 100 µs. The
graph illustrates three different wavelength bands that correspond to C2 transitions
∆ν = +1, 0, and -1. Notable is that the ∆ν = +1, 0 transitions have nearly the same
temperature while the ∆ν = -1 transition is about 1000 to 2000 K below both.
Further investigations focused on contributions from the background and the
standard deviation (STD) of the difference between the experimental data and
computed spectrum. It is found that the 550 to 564 nm band shows consistently
lower STD, while the 504 to 517 has STD near equal levels of background to noise,
but in one case slightly exceeds it.
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Figure 3.5: C2 spectra, with a delay of 30.0 µs and a gate-width of 1.0 µs. The
inferred temperature amounts to 4300 K, with a spectral resolution FWHM of 0.086
nm. This graph shows the experimental and the superposed computed spectrum. The
curved line indicates the background. The bottom spectrum illustrates the difference
between the experimental and fitted data. The residual data showed a standard
deviation of 175 and the background curve average amounts to 448.
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Figure 3.6: C2 spectra, with a delay of 20.0 µs and a gate-width of 1.0 µs. Calculated
temperature amounts to 6000 K, with a FWHM of 0.096 nm. This graph shows the
experimental and the superposed computed spectrum. Below are the background
curve and the difference between the experimental and fitted data. The difference
data has a standard deviation of 364, and the background curve average amounts to
442.
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Figure 3.7: C2 spectra, with a delay of 20.0 µs and a gate-width of 5.0 µs. Calculated
temperature amounts to 5700 K, with a FWHM of 0.121 nm. This graph shows the
experimental and the superposed computed spectrum. Below are the background
curve and the difference between the experimental and fitted data. The difference
data has a standard deviation of 2181, and the background curve average amounts to
6133.
26
Figure 3.8: Temperatures at various delays for the vibrational transitions ∆ν =
0 and -1. Notable is the difference in temperatures averaging about 1500 K and a
solitary dip at 60 µs for the ∆ν = 0 transition.
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Figure 3.9: Temperature plots versus time delays for the ∆ν = +1, 0, and -1
transitions. This is an expansion of results illustrated in Figure 3.8. Notable are the
same differences in temperatures between the ∆ν = 0 and -1 transitions, with the ∆ν
= 0 transition results being further substantiated by the ∆ν = +1 transition results.
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Chapter 4
Conclusions
The investigations of carbon Swan bands clearly indicated the need for accurate
predictions of emission spectra. It has been essential to utilize the available line
strength data for the analysis portion of this thesis. The experimental studies
show that throughout most of the measurements, results have been within expected
parameter ranges for temperature, background, and spectral resolution. However,
there have been some discrepancies. A major one is the differences in temperatures
between the 504 to 517 and 550 to 564 nm bands for delays from 10 to 100 µs. Another
discrepancy is the dip seen at 60 µs time delay for the 504 to 517 nm band. Also
noted is the standard deviation between the measured and computed bands, with the
550 to 564 being consistently lower, agreeing with the lower temperature readings.
As for the differences of temperatures between the two bands, several explanations
are possible. One reason can be that due to volume-averaging over time, information
is lost. The linear diode array only allows collection of one-dimensional spectra, in
other words, the spectra are averaged along the slit height. Moreover, the spectra are
also being collected from several subsequent laser-ablation events.
Another reason can be due to possible occurrence of self-absorption. It could be
that at the 550 to 564 nm band, C2 more easily self-absorbs. This could also explain
the dip in temperature seen at 60 µs, as self-absorption might be more prevalent at
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that time delay range for that specified wavelength band. Yet this hypothesis would
need to be investigated in future studies.
Finally, with the good matching for both the vibrational and rotational parts
of the spectra, indication is given that local thermodynamic equilibrium (LTE) can
be inferred for those cases, as LTE allows for T = Tvib = Trot. The comparisons
of experiments and theory help reinforce this agreement, being mostly within the
background average. However, it must be emphasized that the data have been line-
of-sight averaged as well. Highly-resolved imaging is expected to allow one to further
investigate the effect of such averaging.
Recommendations for future work
For further works, recommendations lie along detail measurements of self-absorption
during the laser ablation process. In addition, also utilizing Radon and Abel inverse
transforms in order to study the plasma’s 3D structure, as concentrations on the
order of near-solid density of diatomic carbon are expected near the surface and thus
increase the possibility of self-absorption. Figure 4.1 illustrates a typical result [Witte
and Parigger (2014)] of interest in future investigations of spatially and temporally
resolved plasma spectroscopy.
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Figure 4.1: Typical recorded image of two dimensional C2 spectra at 15 µs delay
and for a 5 µs gate width. The FWHM resolution of the recorded spectra amounts
to 0.13 nm.
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Appendices
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Appendix A
Numerical modeling with BESP
and NMT
The generation of theoretical spectra and the fitting of measured spectra is based on
the two primary programs, the Boltzmann Equilibrium Spectral Program (BESP)
[Hornkohl and Parigger (2002)] and the Nelder-Mead-Temperature (NMT). The
BESP program was used to model the theory spectra for selected transitions of the
diatomic carbon molecules. The program is based on line-strength data [Hornkohl
et al. (2011), Parigger et al. (2014e)] and with selected inputs [Hornkohl and Parigger
(2002)] generates diatomic spectra. The NMT program incorporates elements of
the BESP program, and it is used to closely match recorded experimental spectra.
It allows one to accomplish multi-variable fitting by varying the temperature, the
spectral resolution FWHM, and the baseline offset. In addition, the program also
allows the user to exclude certain regions in measured spectra, for instance a region
containing a fairly broad atomic line, to better model the molecular spectra. This
particular feature was utilized in excluding the region where hydrogen beta line was
prevalent and was simultaneously measured with carbon Swan spectra. Figures A.1
and A.2 display the Graphical User Interfaces (GUIs) used together with the provided
line strength data. The line-strength data are not reproduced here.
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Figure A.1: Screen shot of the Graphical User Interface (GUI) for the BESP
program.
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Figure A.2: Screen shot of the GUI for the NMT program.
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Appendix B
Equipment list
For the experimental work at the Center for Laser Applications (CLA), the various
components utilized for measurement of carbon Swan spectra following laser ablation
have been nicely summarized in a recent transcript to a video production [Parigger
et al. (2014a)]. While the video addresses all aspects of time-resolved laser-induced
breakdown spectroscopy in gases and following laser ablation, a subset of the extensive
list of components [Parigger et al. (2014a)] is summarized in Table B.1 below.
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Table B.1: Equipment list
Name Company
Divide by 5 custom signal box UTSI
Four Channel Digital Delay Generator Stanford Research Systems, INC.
Four Channel Digital Oscilloscope Tektronix
Wavetek FG3C Function Generator Wavetek
Nd: YAG Laser Quanta-Ray
Si Biased Detector Thorlabs
Nd: YAG Laser Line Mirror, 1064 nm Thorlabs
1 Fused Silica Bi-Convex Lens Newport
2 Fused Silica Plano-Convex Lenses Newport
.6 meter Spectrograph Instruments S.A. division Jobin-Yvon
Mega 4000 Mega
Gateway 2000 Crystal 1024 monitor Gateway
20 MHz Oscilloscope BK Precision
6040 Universal Pulse Generator Berkeley Nucleonics Corporation
ICCD Camera Andor iStar
OMA III EG&G Parc
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